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Fibronectin-Mediated Keratinocyte Migration and Initiation of 
Fibronectin Receptor Function In Vitro 
AKIRA TAKASHIMA, M.D . AND FREDERICK GRINNELL, PH .D. 
Department of Cell Biology, The University of T exas Health S cience Center at DallaB, Dallas, Texas, U.S .A. 
Cell suspensions of human keratinocytes, freshly iso-
lated from skin specimens, did not express plasma fibro-
nectin (pFN) receptor function in short-term assays for 
cell attachment and spreading on pFN-coated culture 
dishes and binding and phagocytosis of pFN -coated latex 
beads. These activities were expressed, however, by the 
cells harvested from primary keratinocyte cultures 
after 2-4 days of culture. Analysis of the cell types 
arising during primary culture, based on staining with 
antikeratin antibodies and bullous pemphigoid (BP) 
serum, r evealed that about 90% of the originally isolated 
cell population consisted of keratinocytes (keratin-pos-
itive) and 30% were basal cells (BP antigen-positive). 
After 2 days of culture, 95% of the cells were keratino-
cytes and 70% were basal cells. In vitro initiation of 
pFN receptor function also was observed in cells har-
vested from epidermal explants. After 9 days in culture, 
the cells that migrated out of the explants also were 
active in short-term cell adhesion assays, while cells 
r emaining in the central region of the explant had much 
less activity. In related studies, the role of pFN in epi-
dermal cell migration was analyzed, and it was found 
that anti-pFN antibodies inhibited migration of keratin-
ocytes out of epidermal explants. Addition ofpreimmune 
IgG, however, had no effect. It appears, therefore, that 
pFN is important in all aspects of keratinocyte adhesion, 
and the expression of pFN receptor function may be a 
critical activation step necessary for basal cell phago-
cytosis and migration during wound healing. 
A variety of evidence indicates fibronectin is important in 
reepi theli alization during cutaneous and co rneal wound heal-
ing. Following wounding, the granulation tissue over which 
keratinocytes migrate has been found to be coated with fibro-
nectin [1 ,2]. Laminin and type IV collagen , on the other hand, 
we re not found beneath the leading edge of the migrating cell 
sheet (3]. Migration of corneal epit helial cells following wound-
ing also occurs over a fibronect in-rich substratum lacking lam-
inin and type IV collagen [4], and ant ibodies to fibronectin 
have been shown to decrease the rate of epit helial migration 
ove r co rneal explants [5]. 
In a recent study, we reported that fibronectin not only 
promoted human keratinocyte attachment and spreading but 
also acted as an opsonin for kerat inocyte phagocytosis of latex 
beads [6]. We have extended this work by examining the role 
of fibronectin in human keratinocyte migration and by char-
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acterizing t he initiation of keratinocyte fibronectin receptor 
functi on during cell culture. 
MATERIALS AND METHODS 
Cell and Explant Cultures 
Epidermal cell suspensions were prepared from huma n cadaver skin 
using Dispase II a nd t rypsin as described prev iously [6]. Cells were 
cult ured in 25 em" cul ture flasks (Falcon Plastin , Inc., Oxnard, Cali -
fornia) using Dulbecco's modified Eagle's medium (DMEM) (Gibco, 
Gra nd Is land, New York) supplemented wi t h 20% fetal bovine serum 
(FBS) (Gibco), 20 mM HEPES buffer, 100 U/ ml penicillin, 100 llg/ml 
streptomycin , 0.25 llg/ ml Fungizone, 10 ng/ml epidermal growth facto r 
(Sigma Chemical Co., S t . Louis, Missouri) , 10- 9 M cholera toxin 
(Sigma), a nd 0.4 llg/ml hydrocortisone (S igma) . Cultures were main-
ta ined at 37•c in a n atmosphere of 6% C0 2 in a ir and 100% relative 
humidity, and the medium was changed twice a week. Prior to harvest-
ing, culture !1asks were subjected to sha king at 150 rpm on a New 
Brunswick R -2 reciprocating sha ker for 10 s and t hen washed 2 t imes 
with phosphate saline (150 mM NaCl, 1 mM Na phosphate, pH 7.2) 
(PS) to remove nonat tached cells. Subsequent ly, the flasks were har -
vested usin g Dispase II and t ryps in as a bove. The viability of t he 
ha rvested cell suspension was >90% based on trypa n blue exclusion. 
Skin expl ant cultures were prepared as described by Aoyagi et a l 
[7]. Cadaver skin specimens approximately 0.3 mm t hick were cut in to 
2- to 3- rnm squa res, placed derma l side down on Falcon 3001 t issue 
cul ture dishes, and cultured as above. Migration distance was measured 
using a Zeiss lnvertoscope D inverted microscope equipped wi th a 
calibrated ocula r. Afte r 3 days, those expla nts showing epidermal cell 
outgrowth of at least 0.2 mm were used in subsequent experiments. In 
outgrowth experiments, measurements were made every 3 days at which 
t ime the growt h medium was cha nged. In some experiments, t he region 
of epidermal cell outgrowth was excised from the original explant, and 
separate cell suspensions were prepa red using Dispase II and tryps in 
(see a bove). 
Preparation of pFN and pFN-depleted FBS 
Human plasma fibronectin (pFN) was prepa red by ammonium sul -
fate p recipi tation and ion-excha nge chromatography as before [8), and 
pFN -depleted FBS was prepa red by pass ing FBS 2 t imes t hrough a 
ge latin affinity column to remove the fibronectin [9] . Essent ially com-
plete removal of pFN was co nfirmed by immunodiffusion a nalysis. 
Preparation of pFN-Coated Dishes and Beads 
Falcon 3001 dishes were incubated for 10 min at 22·c with 1 ml of 
PS containing 20 11g of pFN , rinsed with PS, and coun te r-coated for 10 
min at 22 •c with 1 ml of PS containing 1% heat-denatured bovine 
serum albumin (BSA) to block nonspecific interactions (10]. Polysty-
rene latex beads (0.797 11m diameter) were obta ined from Sigma Chem-
ical Co. Beads (8 x 109 ) were incubated for 10 min at 22 · c in 0.5 ml 
PS containing 125 llg pFN, diluted 10-fold wit h DMEM containing 2% 
BSA, a nd incubated an addit ional 10 min . The coated beads were 
collected by cent rifugation (10 min at 25,000 g ), resuspended in 3 ml 
of DMEM containing 2% BSA, and sonicated for 5 s at 60 W (Heat-
Systems Ul t rasonics, Inc., Plainview, New York) immediate ly prior to 
use (11] . 
Assays for Cell Att"achm~nt, Spreading, Bead Binding, and 
Phagocytosis 
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Metabolic labeling of cells was accomplished by adding 1 I"Ci/ ml 
[3H] amino ac id mixture (ICN Corp., Irvine, California, #20063) to cell 
cul tures or explants 3 h prior to harvesting. Cell attachment was 
measured as reported previously [6]. Briefly, radiolabeled cells (0.3 X 
106) were incuba ted on pFN-coa ted dishes for 45 min a t 37•c . At t he 
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end of the incubatio ns, the nonattached cells were resuspended by 
s ha king at 150 rpm for 10 son a New Brunswick reciprocating shaker. 
The radioactivity associated wi th nonattached and attached cells was 
measured and percent attac hment ca lculated. Cell sp reading was ana· 
lyzed microscopically by counting the percentage of attached cells that 
achieved a sp read morphology [6]. 
Total bead binding was measured by counting cell -associated beads 
under dark-field microscopy as has been described [6]. Incubations 
con taining lOn cells in 1 ml DMEM with 1% BSA and 1.3 X 109 pFN-
coated beads were ca rried out for 2 h at 3TC. Half of the samples were 
subjected to trypsinization to remove surface-bound beads and the 
number of phagocytosed beads was measured [11] . Quantitation of the 
data was based on coun ts of 160 round cells. 
Antisera and !n.direcl i mmunofluorescence Analysis 
Human bu llous pemphigoid (BP) serum was a gift from Dr. L. A. 
Diaz (Johns Hop kins Medical Institute) , and rabbit antikeratin was a 
gift from Dr. Tung~T ien Sun (New York University Medic_a l Center) . 
P reparation of ant1-pFN 1mmunoglobulm has been descnbed previ-
ous ly [10) . Indi rect immunoflu orescence staining for keratin and {ibro-
nectin was carried out on permeabilized cells as before [6]. Staining for 
BP ant igen was achieved by treating nonpermeabilized cells with BP 
serum (20-fo ld diluted) fo llowed by fluorescein-conjugated goat anti-
human IgG antibodies (0.55 mg/ml ) (Meloy, Springfield, Virginia). The 
percentages of cells sta ined positively by BP serum or anti keratin_ were 
based on counting 300 cells usmg a Ze1ss Photon11croscope Ill equ1pped 
with phase contrast and epifluorescence. 
RESULTS 
Role of pFN in Epidermal Migration 
Previous experiments using human keratinocyte cell suspen-
s io ns had established that pFN can promote several adhesive 
functions of keratinocytes, and it seemed likely t hat t hese 
activit ies might be importan t in epidermal cell migration during 
r eepit heli ali zation . T he requirement for pFN in keratinocyte 
migration was tested in human skin explant cultures. During 
12 days of culture (the longest t ime measured) t here was a 
continuous outgrowth of epidermal cells from the skin explants 
(Fig 1) . The migrati ng cells fo rmed a con tinuous sheet wit h 
pavement- like appearance (Fig 2A,C), and the cells stained 
positively for kera tin (F ig 2E). Small patches of fibronectin 
a lso were obse rved in association with t he migrating cells (Fig 
2F). Since t hese experiments were carried out using pFN-
depleted serum, the fibronectin probably was secreted by the 
epidermal ce lls, which would be consistent with recent reports 
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F IG 1. Migration of epidermal cells. Skin explants we re cul tured 3 
days in medium containing pFN -dep leted FBS afte r which 400 i.J.g/ml 
of anti-pFN or preimmune lgG or 70 i.J. g/ml pFN was added to the 
incubations. T he data on the distance of epidermal migration from the 
exp lant are the means ± SE using 8 dishes for each poi nt. Other detai ls 
are in Materials and Methods. 
published by others [12,13]. It a lso is possible that some fibro-
nectin was secreted by fibroblasts, but cells with t he typical 
morphology and fibronectin-staining pattern of fibroblasts were 
not appare nt among the cells growing out from the explants. 
Addition of anti-pFN immunoglobulin (400 ,ug/ ml) to th e 
explan t cul ture medium resulted in an almost complete inhi -
bition of cell migration (Figs 1, 2B,D). E xamination of the 
explants cultured in t he presence of an t i-pFN indicated that 
cells adjacent to the central explant region were piled up and 
had a squame-like appearance (Fig 2B,D) indicating t hat cell 
different iation might be occurring even t hough outgrowth was 
inhibited. In control experiments, a similar amount of preim-
mune IgG added to t he incubations in place of an ti-pFN had 
no effect on ce ll migration (Fig 1). 
Although cells from the explants appeared to produce endog-
enous pFN, it was of interest to determine whether addition of 
exogenous pFN would increase t he rate of cell migrat ion . This 
was not t he case as shown in Fig 1. That is, t he same time 
course of migrat ion was observed in the presence of added pFN 
as in t he control experiments. 
Initiation of pFN-Mediated Cell Attachment and Spreading 
During Cell Culture 
The results described above, along with our previously pub-
lished findings [6], suggested that fibronectin is important in 
the in vit ro adhesive interact ions of keratinocytes. These find-
ings supported the notion t hat fibronectin is required for re-
epit helialization of cutaneous wounds in vivo as also may be 
t he case for t he reepitheliali zation of corneal wounds (14]. It 
was of considerable interest, t herefore, that freshly isolated 
epidermal cells were found not to express pFN receptor func-
t ions. 
When fres hly dissociated epidermal cells were tested in short-
term (45 min) assays, t he cells were not observed to attach and 
spread on pFN-coated cul ture dishes (Fig 3). Primary cul tures 
of these freshly isolated cells were set up , and after various 
culture periods, t he cells were harvested and tested for t heir 
ability to attach and spread in the short-term assays. The 
method used for harvesting t he cultured cells (Dispase II/ 
t rypsin) was t he same as t hat used to prepare t he original cell 
suspension from skin . Cells harvested from 2-day cultures, like 
t he original epidermal cell preparation, demonst rated little 
attach ment or spreading on pFN-coated culture dishes (Fig 3) . 
At late r t imes, however, pFN receptor function appeared to be 
ini t iated, and with cells harvested from 10-day cult ures, more 
t han 50% of t he cells were able to attach and 90% of the 
attached cells were observed to spread in the 45-min assays on 
pFN -coated culture dishes. 
It should be noted t hat the initiation of pFN receptor func-
t ion as measured in t he short- term cell attachment and spread-
ing assays was paralleled by t he overall behavior of the cells in 
the cont inuous primary cultures . T he initially p lated cells were 
not well attached unt il 2 days of culture; by 4 days of culture 
t here were many spread cells and colony formation had begun; 
and the cultures became confluent between 7 and 10 days. 
One possible explanat ion for t he init iation of pFN receptor 
fu nction during cell culture was exposure of the cells to exoge-
nous pFN. While t he flasks used for cult uring t he cells were 
not coated with pFN in tentionally, t hey may have become 
coated by t he pFN present in FBS, which was part of t he 
growth medium. T o exclude t he above possibility, experiments 
were carried out with pFN-depleted FBS, and t he results were 
similar as observed with undepleted FBS (Fig 3). 
Initiation of pFN-Mediated Cell Attachment and Spreading 
During Explant Culture 
To confirm the above obse rvations and to determine whether 
t he onset of pFN receptor function was an anomaly of disso-
ciated cell culture, experiments were carried out with skin 
explants cultured for 9 days . At t he end of t his t ime t here was 
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FIG 3. Ini t iation of pFN -mediated cell attachment and spreading 
during cell culture. Epiderma l ce lls (2 X 106), freshly isolated from s kin 
gpecimens, were placed int.o primary cul tu res using medium containing 
in tact or pFN -dep leted FBS. At. t.he t. imes indicated, the ce lls were 
harvested by treatment with Dispase II fo llowed by t rypsin. Short-te rm 
attachment and spreading of t he ce lls on pFN-coat.ed dishes t hen were 
measured. Data shown are the means± SO from duplicate experiments. 
Other details are in Materials and Methods. 
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FIG 2. Appearance of migrati ng epi· 
dermal cells. Samples from t he experi· 
ment described in Fig 1 we re a nalyzed 
on day 13. The explant (x) and in terface 
between the expla nt a nd migrating sheet 
of cells (*) are shown at low magnifica-
t ion in the abse nce (A) or presence (B) 
of anti -pFN. The edge of the migrating 
sheet was out of t he {ield under cont rol 
condit ions (A, arrow), while very little 
migration occurred in t he presence of 
ant i-pFN (B, line demarcates t.he edge 
of the migratory sheet). The edges of the 
migratory s heets a re shown at higher 
magniftcation in (C) (absence of anti-
pFN) and (D) (presence of anti -pFN ). 
Samples of the cont rol cells were stained 
with ant i keratin, which revealed t hat al-
most all of t he cells were keratin-positive 
(E), and wit.h ant i-pFN, which revealed 
that t here were small cluste rs of pFN 
associated with t he cells (F). Other de-
tails are in Materials and Methods. A 
and B X 200; C-E X 500. 
TABLE I. Plasma fibron ectin. (pFN)-media.ted attachment and 
spreading of cells in explant cultures 
Cells 
Centra l explant. region 
Migrating region 
Percent attachment 
9.4 ± 1.3 
44.7 ± 0.1 
Percent spreading 
2.5 ± 0.5 
70.0 ± 2.0 
Skin explants were routinely cultured for 9 days in medium contain-
ing normal fetal bov ine serum a nd then the ent ire cultures were 
radio labe led with ["H] a mino acids. Incisions were made along the edges 
of t he expla nt after which the Dispase II t reatment was ca rried out. 
The migratory region and central explant regions were separated after 
they lifted out of the dishes and t hen subjected to t rypsin t reatment. 
Short-term attachment and spreading of t he cells on pFN -coated dishes 
then were measured. Data shown are the means and SD from duplicate 
experiments. Other deta ils a re in Materials and Methods. 
an extensive outgrowth of epidermal cells surrounding the 
ori ginal explant (see Figs l , 2A,C). The original explant and 
outgrowth region s were separated and cell su spensions were 
prepared. As s hown in Table I, less than 10% of t he cells 
harvested from the origina l explant r egion were able to attach 
to pFN-coated dishes in a 45-min assay, and very few of the 
attach ed cells were observed to spread. In m a rked contrast, 
about 45% of the cells from the outgrowth region attached to 
the dis hes, and 70% of the attached cells we re spread . 
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Analysis of Cells Present During the Cu.lture Period 
The a bove re. ul ts suggested that nonmigrating keratinocytes 
lacked pFN receptor funct ion , while migrating keratinocytes 
expressed this function . O~he~ studies_, ~or instance,_ hav~ shown 
differences in t he lectm bmdmg ab•ht1es of nonm1grat mg and 
migrating cornea l epit helia l cells in vivo (15]. In order to 
ident ify more clearly the cells involved in pFN-mediated at-
tachment and spreading, indirect immunofluorescence analysis 
was carried out to determine t he percentage of keratinocytes 
(keratin-posit ive) and basa l cells (BP antige n-posit ive) in t he 
cell cu ltures . 
A s shown in Fig 4, the total number of attached cells in the 
cultures ha rvested after 2 days was about 40% of t he number 
of initial input cell s. The remainder of t he cells did not attach 
to t h e flas ks. The number of cells t hat could be harvested from 
the cult ures remained relatively constant unt il about 7 days 
and then increased. Of the init ial cells placed into culture about 
90 % were keratin -positive, and after 2 days in cul ture t he 
keratin-positive cells increased to 95 % of the population, indi -
cating that very few fibroblas ts or other contaminat ing cells 
were present initially or during culturing. When the basal ce ll 
population was measured, it was ~·ound that s ligh~ly more _t~ a n 
30% of t he original cell populatiOn was BP ant •gen-posit ive, 
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F IG 4. Analysis of cells in epidermal cell cul tu res. 'The experimenta l 
design was similar to that in Fig 3 except. that indirect immunonuores-
cence was ca rried out on the harve ·t.ed cells using anti keratin and BP 
se rum. Other details are in Materials and Methods. 
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F IG 5. Ini tiation of pFN-mediated bead binding and phagocytosis. 
The experimental design was similar to that in Fig 3 except that the 
harvested cells were tested for their abi li ties to bind and phagocytose 
pFN -coated latex beads. The data on the number of cell -associated 
beads are the mean ± SE from 2 sepa rat.e experiments. The inset shows 
the mean ± SD of the percentage of cells in both experiments (com-
bined) that bound or ingested one or more beads. Other details are in 
Materials and Methods. 
and t his percentage increased to 70% by day 2 and 82% by day 
4. 
Initiation of pFN-Mediated Bead Binding and Phagocytosis 
Studies a lso were carried out to determine whether freshly 
isolated and cultured keratinocytes differed in t heir abilities to 
bind and/or phagocytose pFN-coated latex beads. Consistent 
with t he results on cell attachment and spreading, fres hly 
isolated cells did not bind or ingest t hese beads (Fig 5). After 2 
days in cul ture, however, more than 50% of the cell s in the 
preparations could bind or ingest at least one bead (Fig 5, 
inset), and the average binding and ingestion were about 3.5 
and 2.2 beads per cell, respectively (Fig 5) . It appeared, t here-
fore, t hat t he ability of cells to bind and phagocytose pFN-
coated beads was ini t iated during ep idermal cell culture, al-
t hough earlier t han t he abili ty of cells to attach and spread on 
pFN-coated dishes. 
DISCUSSION 
Results presented in t his paper indicate that the migration 
of human kerati nocytes out of skin explants is fibronectin-
associated, a finding t hat is consistent with previous work on 
t he migrat ion of newt epidermal cells [16] and rabbi t corneal 
epithelial cells [5]. These and previous studies [6] now implicate 
pFN in a ll of t he major adhesive activi ties of human keratino-
cytes: cell attachment and spreading on extracellular substrata, 
cell binding and phagocytosis of small particles, and cell migra-
tion . 
Of particular importance was our new finding t hat the kera-
t inocytes' pFN receptor function, assayed by short-term cell 
attachment and spreading assays as well as bead binding and 
phagocytosis assays, appeared to be unexpressed in freshly 
isolated cells but was found in cells harvested after 2-4 days of 
primary culture. This effect could n ot be expla ined by t he 
t reatment used to isolate kerat inocytes s ince t he same proce-
dures were used to harvest cells from the skin specimens and 
from the cultures. In addi t ion, control experiments revealed 
that t he effect occurred regardless of whether t he cultures were 
carried out in pFN -containing or -depleted serum. Signifi-
cantly, pFN receptor function also was expressed by cells 
harvested from the migrati ng region of skin explants but not 
by t hose t hat had remained within the explants. 
Analysis of the cells present in the cul tures revealed that 
slightly more than 30% of t he starting population was BP 
ant igen-positive, i.e ., basal cells. During subsequent culturing 
t he percentage of basal cell s increased markedly beginning 
around t he second day, suggesting t hat t hey had preferentially 
attached and survived compared to t he di ffe rent iated cells in 
the primary cultures. Taking into consideration t he percentages 
of cells t hat were able to attach and sp read on dishes or bind 
and phagocytose beads, it can be concluded that basal cells in 
large part were responsible for t hese activit ies. The original 
basal cells, however, did not express pFN receptor function. 
Consequent ly, it is likely t hat the basal cell population is being 
turned on to express pFN reception function by some unknown 
mechanism. 
The above findings suggest some interesting possibilit ies with 
regard to kerat.inocyte adhesion in normal skin and during 
wound healing. Both pFN and laminin have been shown to be 
presen t in t he basement membrane region of normal skin , but 
under wound healing condi tio ns laminin is absen t (3] and 
fibronectin is present [1 ,2] at t he edge of t he migrating epider-
mal sheet. An attractive hypothesis, t herefore, is that basal 
keratinocytes normally attach preferentially to t he lam inin in 
the basement membranes [17] and fibronectin receptor func-
tion is absen t and unnecessary. Under wound healing condi-
tions, however, pFN receptor function is induced in association 
with t he requirement that basal cells must attach to, migrate 
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on , and possibly phagocytose fibronectin-coated debris in the 
fibronect in -rich granulation t issue matrix. 
The hypothesis that pFN receptor function is involved in 
keratinocyte adhesion during wound healing leads to several 
important predictions that a re now under investigation . In the 
first place, freshly isolated keratinocytes t hat lack pFN receptor 
function should possess laminin receptor function. Second, it 
should be possible to isolate cells from the central and marginal 
regions of wounds prepared in vivo and show that the migratory 
cells express pFN receptor function whereas t he differentiating 
cells on t he edge of the wound do not do so. 
Finally, it is important to mention the possible significance 
of our studies to the problem of using kera tinocyte preparations 
as wound dressings. In early studies freshly isolated keratino-
cytes were used, and these neither formed strong adhesions 
with t he underlying granulation tissue nor prevented wound 
contracture [18). Wit h cultured keratinocytes as a wound dress-
ing, however , successful grafting has been accomplished (19] . 
Possibly the cul tured cells are able to interact with the granu-
lation t issue mat rix better than the freshly isolated cells be-
cause pFN receptor function of t he cultured cells has been 
activated. 
We are grateful to Dr. Paul Bergstresse r for his helpful comments 
while this research was being carried out and regarding this manuscript . 
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